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Structure Design of Soft Magnetic Materials Using
Electron-Beam-Based Additive Manufacturing

Jing Yang,* Zongwen Fu,* and Carolin Körner

Fe93.5Si6.5 (wt%) soft magnetic materials in toroidal shape are additively
manufactured by means of electron beam powder bed fusion (PBF-EB).
Different hatching strategies are applied to realize specific patterns of molten
material alternating with non-molten powder particles. The specimens
produced using different hatching strategies show identical relative densities
but various structural features resulting in different magnetic properties. The
magnetic performance of the specimens is characterized by determining
hysteresis loops (B–H curves), power losses, and maximum magnetic flux
density at frequencies between 50 and 1000 Hz. At constant mass, the
different structures induced by using various hatching strategies have a
strong influence on the hysteresis losses. These losses can be significantly
reduced by applying a targeted structure design. The modified specimens
show superior magnetic properties at sub-kHz compared to some soft
magnetic materials fabricated by means of conventional methods and laser
powder bed fusion (PBF-L).

1. Introduction

Soft magnetic materials, which can be easily (de)magnetized
owing to high permeability and low coercivity,[1–3] play a cru-
cial role in alternating current (AC) applications (e.g., power
stations, power generators, electric motors, transformers, and
converters).[4–6] Because silicon steel shows outstanding soft
magnetic properties as well as a relatively low price, it is widely
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used in the abovementioned fields and
accounts for a market share of ≈80%.[4,5,7]

However, power losses (including hys-
teresis losses, eddy current losses and
anomalous losses/excess eddy current
losses) remarkably reduce energy ef-
ficiency and increase expenses;[3,8–10]

i.e., for transformers, the decrease of
1.5% in energy efficiency results in the
extra cost of $12 billion per year.[1,2]

In traditional industries, silicon steel is
usually produced via various steps, e.g.,
rolling of Fe–Si sheets, coating with non-
conductive layers and stacking the coated
sheets.[10–13] Based on these fabrication
methods, researchers have already put for-
ward several solutions in terms of layer
thickness and chemical composition to
minimize power losses. Fischer et al.[10,14,15]

demonstrated that decreasing the layer
thickness of the conventionally fabricated

silicon steel sheets helps to reduce eddy current losses and
thereby power losses. In addition, Hilzinger et al.[8,10,16,17]

claimed that compared to the widely used conventional Fe97.0Si3.0
(wt%) showing an electrical resistivity of 0.48 μΩm, Fe93.5Si6.5
(wt%) possesses a much higher electrical resistivity of 0.82
μΩ m−1, which helps to minimize eddy current losses and
thereby power losses. However, owing to its brittle nature,
Fe93.5Si6.5 (wt%) is hard to be processed using conventional
fabrication methods.[11–13] Recently, the macroscopic design of
Fe93.5Si6.5 (wt%) was successfully achieved through laser powder
bed fusion (PBF-L) to produce specimens in toroidal shape con-
taining internal and external slits that significantly enhanced the
electrical resistance to reduce the eddy current losses.[9] Thus,
additive manufacturing of Fe93.5Si6.5 (wt%), which allows for de-
signing structural features and tailoring the magnetic properties,
attracts growing research interest in the last few years.[3,18] How-
ever, due to the low preheating temperature during PBF-L, the
additively manufactured Fe93.5Si6.5 (wt%) exhibited cracks deteri-
orating the mechanical and magnetic properties.[9,19]

Compared to PBF-L, electron beam powder bed fusion (PBF-
EB) is a relatively young powder–bed-based additive manufac-
turing technology but shows unique characteristics.[18,20–23] High
processing temperature during the PBF-EB process helps to re-
duce thermal stresses and to overcome the issue of crack forma-
tion in the specimens. Yang et al.[3] have already demonstrated
that dense Fe93.5Si6.5 (wt%) free of cracks and with a relative den-
sity of up to 99.99% were processable using PBF-EB. In addition,
it is considered that PBF-EB perfectly meets the requirement
for fabricating brittle Fe93.5Si6.5 (wt%) with complex geometries
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and good magnetic performance at different frequencies.[19,20]

Furthermore, compared to conventional fabrication methods (in-
cluding rolling, machining, coating, stacking…), PBF-EB, as a
controllable layer-by-layer process, shows a high potential to pro-
duce soft magnetic end-use products in a single-step.[1,2,20]

In this study, toroidal Fe93.5Si6.5 (wt%) specimens with tailored
structural features were successfully produced by means of PBF-
EB using different hatching strategies. The correlation between
the structure and the resulting magnetic properties is discussed.
Based on the analyses, a modified structure is identified and suc-
cessfully realized to further improve magnetic performance.

2. Experimental Section

Gas-atomized pre-alloyed Fe93.5Si6.5 (wt%) powder (CHANGSHA
EASCHEM Co., LIMITED, China) with a purity of more than
99.9% and a particle size ranging between 48 and 75 μm (Master-
sizer 3000, Malvern Panalytical, UK) was used for PBF-EB. The
Fe93.5Si6.5 (wt%) powder showed an oxygen content of less than
0.03 wt% according to the oxygen analysis based on the carrier
gas hot extraction method (EMGA 620 W, HORIBA Ltd., Japan).
Toroidal specimens (Figure 1a, height: 6.3 mm, outer/inner di-
ameter: 16.0 mm/9.6 mm) were printed using PBF-EB.

PBF-EB is a layer-by-layer additive manufacturing technology,
and four steps are included to produce one layer, i.e., (1) apply-
ing a powder layer using raking; (2) preheating to slightly sinter
the raked powder layer with good mechanical and electrical sta-
bility; (3) selective melting using defined hatching strategy to at-
tain the required geometry (contour melting is used before hatch-
ing to guarantee good surface roughness); and (4) lowering the
platform to get prepared for the next layer.[20] Among all these
steps, selective melting based on specific hatching strategies de-
termines the final structure. Thus, using an appropriate hatch-
ing strategy plays a vital role in the PBF-EB process. Commonly,
snake-shaped hatching is the most widely used scan strategy for
PBF-EB. Nevertheless, when printing toroidal Fe93.5Si6.5 (wt%)
specimens by means of the snake-shaped hatching, geometric
distortions (i.e., elliptical shape) were observed.[3]

In this work, a Freemelt ONE machine (Freemelt AB, Mölndal,
Sweden), which is an opensource PBF-EB system and allows for
freely defining scan strategies, was applied to produce toroidal
Fe93.5Si6.5 (wt%) specimens. Two hatching strategies were ap-
plied: i) radial hatching and ii) circle hatching. During the ra-
dial hatching (after preheating and contour melting), the electron
beam scans along the black lines from the inner edge to the outer
edge forming a radial pattern (Figure 1d, the red arrow showing
the moving direction of the electron beam). The angle between
the two neighboring lines is named as angle offset (𝜃). Similarly,
in the case of the circle hatching (after preheating and contour
melting), the electron beam runs along the black circles clockwise
forming a circular pattern (Figure 1e, the purple arrow showing
the moving direction of the electron beam). The distance between
the two neighboring circles is defined as circle offset (d).

Currently, the most widely used soft magnetic materials com-
monly show a multilayer structure;, i.e., thin iron silicon layers
are separated by polymeric insulation coating layers to reduce
eddy current losses.[8,9] In order to imitate the structure of the soft
magnetic materials being widely used in industries, a multilayer
structure containing “one hatching layer + one powder layer” is

designed (Figure 1b, the layer thickness is set to 50 μm). The
hatching layer is generated by preheating, contour melting and
hatching. The hatching layer is the most crucial source of ferro-
magnetism, which determines the final magnetic performance.
The loose powder layer (Figure 1c) is composed of slightly sin-
tered powder particles derived by preheating and contour melting
of the raked powder layer. The sintered powder layer works as the
insulation layer between two neighboring hatching layers to re-
duce eddy current losses. To explore the influence of the hatching
strategies on magnetic performance, different specimens were
fabricated using radial hatching and circle hatching, respectively
(Figure 1d,e). During radial hatching, the angle offset (𝜃) was set
to 8° (Figure 1d). As for circle hatching, 0.8 mm was utilized as
the circle offset (Figure 1e). Moreover, the detailed processing pa-
rameters for PBF-EB are shown as follows: the preheating tem-
perature of the powder bed was set to ≈900 °C. A beam power of
100 W and a scan speed of 500 mm s−1were applied for contour
melting as well as hatching. To verify the reproducibility, more
than three specimens were fabricated using the same processing
parameters.

After PBF-EB, toroidal Fe93.5Si6.5 (wt%) specimens were taken
out of the slightly sintered powder bed through sandblasting us-
ing Fe93.5Si6.5 (wt%) powder particles as blasting abrasive, fol-
lowed by which, surface roughness (Ra, according to DIN EN ISO
25178) of toroidal Fe93.5Si6.5 (wt%) specimens was tested using a
laser scanning microscope (Lext OLS 4000, Olympus Corpora-
tion, Japan). Post-annealing for the specimens was conducted at
1150 °C for 1 h under vacuum conditions with a heating/cooling
rate of 300 °C h−1. Then, all specimens were weighed, and the
relative density was calculated by dividing the weight of the spec-
imens by 6.1 g (the weight of the fully dense specimen with
the same volume is 6.1 g). To examine magnetic properties,
toroidal Fe93.5Si6.5 (wt%) specimens coiled with copper wire (7
windings at primary and secondary side) were tested by means
of B–H Analyzers SY-8219 (IWATSU Test Instruments Corpo-
ration, Japan). First, power losses (P) and coercivity (Hc) were
measured under the maximum magnetic flux density (Bm) of 0.1
T at frequencies (f) of 50, 60, 100, 400, 700 and 1000 Hz. Sec-
ond, maximum magnetic flux density (Bm) and relative perme-
ability (μr) were tested using the maximum magnetic field in-
tensity (Hm) of 500 A m−1 at frequencies (f) of 50, 60, 100, 400,
700 and 1000 Hz. In this study, the amplitude permeability (μa)
is used as the relative permeability (μr) which is calculated as
follows:[24,25]

𝜇a = 𝜇r =
Bm

Hm𝜇o
(1)

where μa, μr, Bm, Hm, and μo denote amplitude permeability,
relative permeability, maximum magnetic flux density, maxi-
mum magnetic field intensity and vacuum permeability (con-
stant, 1.256 × 10−6 N A−2), respectively.

After magnetic tests, the specimens were cut parallel to the
build direction, followed by grinding, polishing and etching to in-
vestigate the structures by means of an optical microscope (AXIO
Imager M1m, Carl Zeiss Jena GmbH, Germany). Furthermore,
X-ray diffraction (XRD, Bruker D8 Advance eco, Bruker AXS
GmbH, Germany) was utilized to detect the phases and global
texture within different specimens using a scanning rate of 0.05°
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Figure 1. Hatching strategies designed for toroidal Fe93.5Si6.5 (wt%) specimens. a) Standard specimen shows a height (h) of 6.3 mm and an outer/inner
diameter (do and di) of 16.0 mm/9.6 mm. The red square within the standard specimen represents the location of the cross-section shown in Figure 1b.
b) A processing strategy based on “one hatching layer + one powder layer” was applied during PBF-EB. The layer thickness is set to 50 μm. The hatching
layer stands for the ferromagnetic layer produced by means of preheating, contour melting and radial/circle hatching; while the powder layer is only
preheated and contour-melted, which works as an insulation layer. c) The powder layer after preheating and contour melting is comprised of slightly
sintered Fe93.5Si6.5 (wt%) powder particles. d) Radial hatching (the red arrow showing the moving direction of the electron beam) is in the control of
angle offset (𝜃). In this study, the angle offset of 8° was used to produce radical-hatching specimens. e) Circle hatching (the purple arrow showing the
moving direction of the electron beam) is determined by circle offset (d). In this study, the circle offset of 0.8 mm was utilized to fabricate circle-hatching
specimens.
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Figure 2. PBF-EB-produced toroidal Fe93.5Si6.5 (wt%) specimens fabri-
cated by means of different hatching strategies using a beam power of
100 W and a scan speed of 500 mm s−1. The radial-hatching specimens
and circle-hatching specimens show the same weight of 5.0 g as well as
the same relative density of 82.0%. a,b) Top views of the radial-hatching
specimens and circle-hatching specimens. The black lines inserted in the
top views indicate the location of the cross-sections shown in (c,d). c,d)
Cross-sections of the radial-hatching specimens and circle-hatching spec-
imens. Both specimens show a layered microstructure with an average
layer thickness of ≈80 μm insulated by sintered Fe93.5Si6.5 (wt%) powder
particles.

s−1 over a 2𝜃 range of 30–90°, and a scanning electron micro-
scope (SEM, Helios NanoLab600, FEI, America) equipped with
an electron back-scattered diffraction (EBSD) detector was used
to explore the local grain orientation.

3. Results and Discussion

The radial-hatching and circle-hatching specimens show differ-
ent patterns from the top view (Figure 2a,b). In the cross-sections,
which are parallel to the build direction and indicated by the black
lines shown in Figure 2a,b, both specimens printed using various
hatching strategies exhibit a similar layered microstructure with
a comparable layer thickness of ≈80 μm (insets in Figure 2c,d).
The molten layers resulting from hatching are insulated by the
slightly sintered layers composed of loosely packed Fe93.5Si6.5
(wt%) powder particles. According to XRD and EBSD measure-
ments, the radial-hatching specimens and the circle-hatching
specimens exhibit a matrix of 𝛼-Fe (Si) solid solution and no sig-
nificant grain orientation along the build direction (Figure S1 and
S2 in supporting information).

Power losses and maximum magnetic flux density are the
key factors affecting energy efficiency and power density. Power
losses (P) are the sum of hysteresis losses (Ph), eddy current
losses (Pe) and anomalous losses/excess eddy current losses (Pa),
which can be expressed by Equation (2):[1,3,8,19]

P = Ph + Pe + Pa (2)

Hysteresis losses (Ph, calculated by Equation (3)) are caused
by domain wall movement and domain rotation during
(de)magnetization process, and it is represented by the area en-
closed in the hysteresis loop.1,8,19

Ph = khB𝛼

mf (3)

In Equation (3), kh and 𝛼 represent material constants, while
Bm and f denote themaximum magnetic flux density and fre-
quency. It has been demonstrated that decreasing impurities and
increasing grain size as well as layer thickness help to reduce co-
ercivity (Hc) and therefore hysteresis losses.[1,3,8,19]

Eddy current losses (Pe) originate from the eddy current which
follows the classical eddy current equation (Equation (4), valid for
the materials with homogenous structure, no domains and con-
stant permeability),[8,26] and eddy current losses increase quadrat-
ically with the layer thickness. Thus, decreasing layer thickness
can reduce eddy current losses significantly.[1,3,8,19]

Pe =
10−9

𝜋2d2B2
mf 2

6𝜌
(4)

In Equation (4), d, Bm, f, and 𝜌 represent layer thickness, max-
imum magnetic flux density, frequency and electrical resistivity,
respectively.

As for anomalous losses/excess eddy current losses (PaPa), it
is also caused by eddy current but does not fit with the classi-
cal eddy current equation due to defects and domain structures
in the materials.[1,3,8,19] Anomalous losses/excess eddy current
losses can be calculated by Equation (5):

Pa = kaB𝛽

mf 1.5 (5)

where kaka and 𝛽 represent material constants, and Bm and f
stand for maximum magnetic flux density and frequency.

In addition, maximum magnetic flux density (Bm)[24,25] is
proportional to the relative permeability (μr, see Equation (1)) of
the material and the maximum magnetic field intensity (Hm)
applied on the material, and it can be calculated by Equation (6):

Bm = 𝜇o𝜇rHm (6)

where Bm, μo, μr, and Hm represent maximum magnetic flux den-
sity, vacuum permeability (constant, 1.256 × 10−6 N A−2), relative
permeability and themaximum magnetic field intensity, respec-
tively.

Figure 3 depicts the magnetic properties of radial-hatching
specimens and circle-hatching specimens. Hysteresis loops (B–
H curves) of the circle-hatching specimens are narrower than
those of the radial-hatching specimens at 50 Hz (Figure 3a) as
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Figure 3. Magnetic properties of toroidal Fe93.5Si6.5 (wt%) specimens fabricated using “radial hatching” and “circle hatching”. a,b) Hysteresis loops (B–
HBH curves) of the radial-hatching specimens and circle-hatching specimens at frequencies of 50 Hz and 1000 Hz. The circle-hatching specimens show
narrower hysteresis loops compared to those of the radial-hatching specimens, which qualitatively indicates that the circle-hatching specimens have
lower hysteresis losses. c,d) The circle-hatching specimens show lower power losses and higher maximum magnetic flux density at various frequencies.

well as at 1000 Hz (Figure 3b). This indicates that the circle-
hatching specimens have lower hysteresis losses (Ph, the area en-
closed in the hysteresis loop[19]).

To accurately quantify and compare the magnetic performance
of the radial-hatching and circle-hatching specimens, power
losses and maximum magnetic flux density at different frequen-
cies are illustrated in Figure 3c,d. With the rise of the frequency,
hysteresis losses increase. This is because the (de)magnetization
process takes time and cannot follow the frequent change of the
applied magnetic field at high frequencies, which leads to severe
delay of (de)magnetization process.[8] At the same time, the in-
crease of the frequency also results in higher eddy current losses
resulting from larger eddy current. Therefore, the power losses
of the two specimens increase with the frequency (Figure 3c).
However, the power losses of the circle-hatching specimens are
lower than that of the radial-hatching specimens at all frequen-
cies (Figure 3c), which can be explained by the aspects of hystere-
sis losses and eddy current losses. On the one hand, the circle-
hatching specimens show a top view comprising concentric cir-
cles (Figure 2b), which coincide with the pathway of magnetic
field lines (Figure 4a) and help to guide the magnetic flux, so

that the (de)magnetization process becomes easier.[27–29] There-
fore, the circle-hatching specimens show lower coercivity (Hc)
(Table 1) and lower hysteresis losses (Ph, the area enclosed in
the hysteresis loop in Figure 3a,b). On the other hand, the radial-
hatching specimens and circle-hatching specimens display a sim-
ilar microstructure with a comparable layer thickness of ≈80 μm
(Figure 2c,d). Since eddy current losses are mainly affected by the
thickness (Equation (4)), the two kinds of specimens should pos-
sess comparable eddy current losses. To summarize, the circle-
hatching specimens have lower hysteresis losses but comparable
eddy current losses compared to the radial-hatching specimens,
so the circle-hatching specimens show smaller power losses.

In addition, the circle-hatching specimens show higher rela-
tive permeability (Table 1) and thereby higher maximum mag-
netic flux density (Equation (6)) than those of the radial-hatching
specimens at different frequencies (Figure 3d). This can be ex-
plained from two aspects. First, the concentric circles shown
in the top view of the circle-hatching specimens (Figure 2b)
make the flow of magnetic flux easier. Second, the magnetization
direction (Figure 4a) is parallel to the long dimension of the
concentric circles in the circle-hatching specimens (Figure 2b),
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Figure 4. The modified Fe93.5Si6.5 (wt%) specimens with a specific structure of “one dense layer + powder layers” produced by means of PBF-EB based
on the theory of electromagnetism. (The black lines inserted in the top views denote the location of the cross-sections.) a,b) Schematic showing the
pathway of magnetic field lines and eddy current within a dense model based on the theory of electromagnetism. c,d) The design of the modified
Fe93.5Si6.5 (wt%) specimens with the specific structural features printed using the following processing strategy: i) melting of a powder layer with a
depth of 50 μm using circle-hatching; ii) 6 times raking and sintering of powder layers each with a thickness of 50 μm. e,f) Top view and microstructure
of the modified Fe93.5Si6.5 (wt%) specimens produced using the abovementioned processing strategy. (Notes: The high porosity of the powder layers
might be attributed to the mechanical preparation of the cross-section for the microstructure analysis; i.e., during grinding, the loosely packed particles
in the slightly sintered powder layers could be peeled off and removed under the mechanical action.)

Table 1. Magnetic properties of toroidal Fe93.5Si6.5 (wt%) specimens fabricated using “radial hatching” and “circle hatching” during PBF-EB. P, Hc,
Bm, and μr denote power losses, coercivity, maximum magnetic flux density and relative permeability, respectively. (Notes: To verify the reproducibility,
several specimens fabricated using the same processing parameters were tested, and the deviation from the average value is shown below).

Radial hatching Circle hatching

f [Hz] P [W kg−1] Hc [A m−1] Bm [T] μr P [W kg−1] Hc [A m−1] Bm [T] μr

50 0.032 ± 0.001 13.04 ± 0.10 0.521 ± 0.012 831 ± 20 0.030 ± 0.001 11.95 ± 0.08 0.603 ± 0.016 964 ± 27

60 0.041 ± 0.001 13.81 ± 0.11 0.522 ± 0.013 831 ± 20 0.039 ± 0.001 12.94 ± 0.12 0.603 ± 0.016 964 ± 23

100 0.081 ± 0.001 16.09 ± 0.08 0.522 ± 0.013 833 ± 18 0.075 ± 0.001 14.75 ± 0.09 0.605 ± 0.016 960 ± 22

400 0.598 ± 0.005 28.40 ± 0.23 0.507 ± 0.011 807 ± 17 0.549 ± 0.006 26.23 ± 0.18 0.569 ± 0.011 906 ± 15

700 1.380 ± 0.010 37.23 ± 0.65 0.458 ± 0.009 730 ± 12 1.282 ± 0.005 34.50 ± 0.36 0.496 ± 0.007 787 ± 12

1000 2.373 ± 0.003 44.59 ± 0.61 0.412 ± 0.008 654 ± 8 2.179 ± 0.001 41.11 ± 0.51 0.442 ± 0.006 704 ± 9
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which leads to a smaller demagnetization field.[8,26,30] While
in the radial-hatching specimens, the magnetization direction
(Figure 4a) is parallel to the short dimension of the molten lines
in the radial pattern (Figure 2a), which results in a higher demag-
netization field.[8,26,30] It is also notable that the two kinds of speci-
mens exhibit almost unchanged maximum magnetic flux density
at the frequencies of 50, 60 and 100 Hz (the inset in Figure 3d)
resulting from the near constant relative permeability (Table 1).
However, the maximum magnetic flux density decreases slightly
when increasing the frequency to 400 Hz or higher (Figure 3d).
This is essentially caused by eddy current.[1,31,32] At high frequen-
cies, the eddy current gets larger due to higher electromotive
force (the induced voltage), which cancels out the magnetic in-
duction in the center according to Lenz’s law and makes only the
surface with a certain depth effective for magnetic induction,[26]

resulting in smaller relative permeability (Table 1) and therefore
lower maximum magnetic flux density (Equation (6)). The can-
cellation of the magnetic induction in the center resulting from
the eddy current is called the skin effect.[1,26]

It is worth mentioning that, compared to the radial-hatching
specimens, the power losses of the circle-hatching specimens
were reduced by between ≈5% (at low frequencies) and ≈9% (at
high frequencies), and the maximum magnetic flux density of
the circle-hatching specimens was improved by at least 7% (Table
S3 in supporting information). According to Ouyang et al.,[1,2]

for transformers, a decrease of 1.5% in energy efficiency results
in extra costs of $12 billion per year, worldwide. Therefore, the
improvement in magnetic properties achieved in this work is
promising.

In order to further improve the magnetic performance, the
processing strategy based on the circle-hatching strategy was
adapted. Simultaneously, new circle-hatching specimens (in the
following called as “the modified specimens”) with a specific
structure were produced (Figure 4). The molten layers depicted
in Figure 2 are discontinuous. Based on the state-of-the-art know-
how, it is considered that a structure containing thin contin-
uous dense layers separated by insulation layers could benefit
the flow of magnetic flux (Figure 4a) and improve soft mag-
netic properties.[19,26] Thus, circle-hatching with a circle offset of
0.1 mm (Figure 4c), a beam power of 100 W and a scan speed
of 400 mm s−1 were applied with the intention of achieving fully
dense layers. Nevertheless, when using these circle-hatching pa-
rameters, the energy input for each layer significantly increases,
resulting in a much higher melt pool depth and the vanishing of
the porous insulation layers if only one powder layer is applied
between two molten layers. Thus, after the circle-hatching of a
raked powder layer with a layer thickness of 50 μm, six porous
and slightly sintered powder layers (total thickness: 300 μm) were
spread onto the molten layer to separate the two adjacent dense
layers and interrupt the flow of eddy current (Figure 4b). This
processing strategy is depicted in Figure 4d.

Figure 4e,f show the macroscopic top view and the microscopic
cross-section of the modified Fe93.5Si6.5 (wt%) specimens pro-
duced using the processing strategy shown in Figure 4c,d. Ac-
cording to the microstructure analysis (Figure 4f), the dense lay-
ers free of cracks show a thickness of ≈150 μm due to the higher
energy input. At the same time, the slightly sintered powder lay-
ers exhibit a thickness of ≈200 μm. Our previous study[3] demon-
strated that the dense Fe93.5Si6.5 (wt%) alloy produced by means

of PBF-EB showed a high Vickers hardness of 366.7 HV30, which
ensures good mechanical stability of the dense layers. As for the
high porosity of the powder layers (Figure 4f), it might be at-
tributed to the mechanical preparation of the cross-section for
the microstructure analysis;, i.e., during grinding, the loosely
packed particles in the slightly sintered powder layers could be
peeled off and removed under the mechanical action. Besides,
the modified specimens show a matrix of 𝛼-Fe (Si) solid solu-
tion and no significant grain orientation along the build direction
based on XRD and EBSD tests (Figure S1 and S2 in supporting
information).

Compared to the results shown in Figure 3, the modified
Fe93.5Si6.5 (wt%) specimens produced using the specifically de-
signed processing strategy show much narrower hysteresis loops
(B–H curves) at frequencies of 50 Hz and 1000 Hz (Figure 5a,b)
which indicate lower hysteresis losses. This can be explained
by the fact that the dense layers with fewer defects embed-
ded in the modified specimens allow for a significantly easier
(de)magnetization process, leading to lower coercivity at differ-
ent frequencies (Table 2). At the same time, the loosely packed
powder particles inserted between the dense layers block the
flow of the eddy current and increase the electrical resistance,
which helps to reduce eddy current losses. Therefore, much
lower power losses were determined for the modified specimens
(Table 2). In addition, it is worth mentioning that the modified
Fe93.5Si6.5 (wt%) specimens display much higher maximum mag-
netic flux density at different frequencies (Table 2) compared to
the results shown in Figure 3, which also results from the dense
layers, providing a smoother pathway for the flow of magnetic
flux and thereby a higher relative permeability (Table 2). However,
with increasing frequency from 400 Hz, the maximum flux den-
sity of the modified specimens declines (Table 2), which can be
explained by the skin effect[1] as discussed above. In order to im-
pede the skin effect and obtain higher maximum magnetic flux
density at high frequencies, it is effective to decrease the layer
thickness.[31,32]

In addition, the magnetic properties of the modified speci-
mens (Figure 5c) were compared with those of Fe93.5Si6.5 (wt%)
soft magnetic materials produced using conventional methods,
including “powder core” (Figure 5d, fabricated by means of coat-
ing, bonding and cold pressing with ball-milled powder parti-
cles with a diameter of ≈100 μm)[8] and “flake core” (Figure 5e,
produced through coating, bonding and cold pressing with melt-
spun flakes with a thickness of ≈100 μm).[8]

As shown in Figure 5f, the “powder core” displays the high-
est power losses at all frequencies. The reason for this is that
the polymeric insulation materials interrupt the flow of magnetic
flux, and the spherical powder particles result in a large demag-
netization factor of 0.333 and a large demagnetization field.[8,30]

These two factors make it difficult to (de)magnetize the “pow-
der core” and lead to significant hysteresis losses, accounting for
the major part of the power losses. This can be demonstrated
by the linear fitting for log(P)–log(f) of the “powder core”, which
shows a relationship of “P ∝ f 1.11” between the power losses and
the frequency (Figure 5g), similar to the relationship between
the hysteresis losses and the frequency, namely “Ph ∝ f ” (Equa-
tion (3)). As for the “flake core”, the linear fitting for log(P)–log(f)
displays a correlation of “P ∝ f 1.12” (Figure 5g), so hysteresis
losses are also the main part of power losses. Because the specific

Adv. Mater. 2023, 2300837 2300837 (7 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Magnetic properties of toroidal Fe93.5Si6.5 (wt%) specimens produced by means of PBF-EB and two reference specimens (“powder core” and
“flake core”) with the same chemical composition fabricated by conventional methods.[8] a,b) Hysteresis loops (B–H curves) of toroidal Fe93.5Si6.5 (wt%)
specimens at the frequencies of 50 Hz and 1000 Hz. The modified specimens show much narrower hysteresis loops compared to those of radial-hatching
and circle-hatching specimens as depicted in Figure 3, which qualitatively indicates that the modified specimens possess much lower hysteresis losses.
c–e) Schematics showing the cross-sections of the modified specimens, “powder core” and “flake core”. The “powder core” consists of the coated
powder particles with a diameter of ≈100 μm embedded in the polymeric insulation materials,[8] and the “flake core” is comprised of the coated flakes
with a thickness of ≈100 μm embedded in the polymeric insulation materials.[8] f) The power losses of the modified specimens, “powder core”[8] and
“flake core”.[8] g) Linear fitting for log(P)–log(f) of the modified specimens, “powder core”[8] and “flake core”[8] in log–log coordinate. (Notes: The linear
fitting results shown in the figure possess a high COD (coefficient of determination) larger than 0.99, indicating high fitting accuracy.)

shape of the flakes helps to decrease the demagnetization factor
to 0.0439 leading to a smaller demagnetization field and allows
for large grain structure,[8,30] the “flake core” shows lower hystere-
sis losses and thereby lower power losses compared to the “pow-
der core”. As discussed before, the continuous dense molten
layers reduce hysteresis losses dramatically, which is in control
of the power losses at low frequencies, so the modified speci-
mens exhibit the lowest power losses at low frequencies between
50 Hz and 400 Hz. However, the power losses of the modified
specimens at 1000 Hz are slightly higher than that of the “flake
core”. This is because the modified specimens have a higher layer
thickness of ≈150 μm than that of the “flake core” (≈100 μm),[8]

which causes higher eddy current losses (Equation (4)) dominat-

ing the power losses at high frequency. This is consistent with
the linear fitting for log(P)–log(f) of the modified specimens, in-
dicating a relationship of “P ∝ f 1.47” (Figure 5g). Because hys-
teresis losses, eddy current losses and anomalous losses/excess
eddy current losses are proportional to f (Equation (3)), f 2 (Equa-
tion (4)) and f 1.5 (Equation (5)), respectively, the relationship
of “P ∝ f 1.47” demonstrates that the power losses of the modi-
fied specimens should consist of hysteresis losses, eddy current
losses and anomalous losses/excess eddy current losses. To over-
come the high eddy current losses at high frequency, a further
reduction in the layer thickness of the PBF-EB-processed speci-
mens by applying smaller powder particles would be a feasible
solution.

Adv. Mater. 2023, 2300837 2300837 (8 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Table 2. Magnetic properties of the modified Fe93.5Si6.5 (wt%) specimens produced by means of PBF-EB and two reference specimens (“powder core”
shown in Figure 5d and “flake core” illustrated in Figure 5e) with the same chemical composition fabricated by conventional methods.[8] P, Hc, Bm, and
μr denote power losses, coercivity, maximum magnetic flux density and relative permeability, respectively.

f [Hz] Modified specimensa) Reference specimens [8]

P [W kg−1] Hc [A m−1] Bm [T] μr Powder core
P [W kg−1]

Flake core
P [W kg−1]

50 0.021 ± 0.001 8.84 ± 0.03 0.902 ± 0.003 1441 ± 4 0.14 0.05

60 0.027 ± 0.001 9.44 ± 0.10 0.902 ± 0.003 1441 ± 9 0.14 0.07

100 0.057 ± 0.001 11.81 ± 0.14 0.900 ± 0.003 1438 ± 6 0.32 0.12

400 0.439 ± 0.003 22.30 ± 0.23 0.820 ± 0.001 1309 ± 4 1.37 0.55

700 1.010 ± 0.017 29.12 ± 0.41 0.663 ± 0.001 1059 ± 2 – –

1000 1.729 ± 0.016 34.82 ± 0.38 0.569 ± 0.001 903 ± 1 3.53 1.56
a)

To verify the reproducibility, several modified specimens fabricated using the same processing parameters were tested, and the deviation from the average value is shown.

According to the results mentioned before, the modified spec-
imens display the lowest power losses at frequencies between
50 Hz and 400 Hz, which proves that the modified specimens
fabricated by means of PBF-EB outcompete the conventionally
produced “powder core”[8] and “flake core”[8] at sub-kHz. Further-
more, the modified specimens also display significantly lower
power losses tested with a maximum magnetic flux density of
0.2 T at 50 Hz (0.076 ± 0.001 W kg−1) and 100 Hz (0.204 ±
0.003 W kg−1) compared to those of the toroidal Fe93.3Si6.7 (wt%)
specimens produced by Goll et al. using PBF-L.[9] Even now, at
low frequencies between 50 Hz and 100 Hz, the modified speci-
mens possess a stable maximum magnetic flux density of ≈0.902
T which already outperforms some commercial soft magnetic
materials;, e.g., soft ferrites show the saturation magnetic flux
density values in the range of 0.103–0.546 T;[19,33–36] the satura-
tion magnetic flux density values of Fe–Ni-based molypermalloy
are reported to be ≈0.7 T;[19,37] and the saturation magnetic flux
density values of Fe–Ni-based supermalloy are commonly in the
range of 0.66–0.82 T.[19,37,38]

To sum up, to gain a clear correlation between the tailored
structures and the magnetic performance, the toroidal geometry
(i.e., height: 6.3 mm, outer/inner diameter: 16.0 mm/9.6 mm)
of different specimens was kept constant in this study. Toroidal
cores with the similar geometry have wide applications as electro-
magnetic compatibility (EMC) filters and chokes in the current
market. In addition, because of the specifically developed pro-
cessing strategies, precise energy input and controllable process-
ing procedures, the modified specimens with the tailored struc-
ture inspired by the theory of ferromagnetism show promising
magnetic properties outperforming traditionally fabricated and
PBF-L-produced soft magnetic materials. Despite the small size
of the toroidal Fe93.5Si6.5 (wt%) specimens fabricated in this work,
the basic understanding of the mechanism to improve the mag-
netic properties and the know-how to fabricate toroidal speci-
mens with desired structures using PBF-EB can be easily trans-
ferred in future research work to produce larger specimens.

During PBF-EB, no support structures were printed between
the start plate and the Fe93.5Si6.5 (wt%) specimens;, i.e., the
printed parts and the start plate were separated by thin sintered
powder layers, so that the Fe93.5Si6.5 (wt%) specimens were eas-
ily removable from the substrate after PBF-EB using sandblast-
ing, indicating that it is achievable to fabricate the final Fe93.5Si6.5

(wt%) specimens within one single step by means of PBF-EB
requiring no additional post-machining. All the as-built toroidal
Fe93.5Si6.5 (wt%) specimens exhibit a similar roughness of the lat-
eral surface (Ra: ≈20 μm, see Table S2 in supporting informa-
tion) resulting from the layer-by-layer fabrication principle dur-
ing PBF-EB. The dense top surface (Figure 4e) of the modified
specimens is significantly smoother (Ra: ≈1 μm, see Table S2 in
supporting information).

As shown in Figure 1a, the desired outer and inner diameter of
the toroidal Fe93.5Si6.5 (wt%) specimens should be 16.0 mm and
9.6 mm, respectively; while the default height should be 6.3 mm.
All PBF-EB-produced Fe93.5Si6.5 (wt%) specimens exhibit a higher
outer diameter and a lower inner diameter compared to the de-
fault values (Table S1 in supporting information), which could be
explained by the contour-melting prior to hatching, resulting in
an over-dimensioned boundary area in the xx- and yy-directions.
Nevertheless, the dimensional deviation from the desired values
is highly reproducible for all specimens produced using different
hatching strategies (Table S1 in supporting information). To min-
imize the dimensional inaccuracy, contour offset can be used for
PBF-EB, which, however, is not the fundamental research goal of
this study. Compared to the relatively low dimensional accuracy
in the xx- and yy-directions, the height of the PBF-EB-fabricated
specimens only shows a slight deviation from the default val-
ues (Table S1 in supporting information), which might originate
from the presence of the slightly sintered Fe93.5Si6.5 (wt%) powder
particles within the specimens.

4. Conclusion

Owing to the high design freedom, high processing temperature
and intrinsic in situ heat treatment, electron beam powder bed
fusion (PBF-EB) is a highly promising technique to produce
brittle Fe93.5Si6.5 (wt%) soft magnetic materials with adapted
structure. Above all, two hatching strategies (i.e., “radial hatch-
ing” and “circle hatching”) were applied to fabricate toroidal
Fe93.5Si6.5 (wt%) specimens. The circle-hatching specimens
possess large relative permeability and small coercivity resulting
in high maximum magnetic flux density, low hysteresis losses
and therefore low power losses. This is due to the perfect match
between the circular pattern resulting from the circle-hatching
strategy and the pathway for magnetic field lines in the shape of
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the enclosed circles, which indicates the easier (de)magnetization
process. Based on these results, the circle-hatching strategy was
further used to produce the modified Fe93.5Si6.5 (wt%) speci-
mens with a specific layered structure (i.e., “one dense layer
+ powder layers”). Because the dense layers provide a fully
merged pathway that improves magnetic induction and smooth
(de)magnetization, higher maximum magnetic flux density and
lower hysteresis losses were obtained. At the same time, the
insert of loose powder particles between the dense layers leads
to high electrical resistance and thereby low eddy current losses
of the modified specimens. It is worth mentioning that the mod-
ified specimens show higher maximum magnetic flux density
and lower power losses at sub-kHz, outcompeting several soft
magnetic materials fabricated by conventional techniques and
laser powder bed fusion (PBF-L).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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